Introduction
Since its invention, the atomic force microscope ͑AFM͒ ͓1͔ was used by various researchers in different fields to image and to obtain qualitative and quantitative information about soft biomaterials at nanoscales to microscales. AFM indentation experiments using a soft cantilever were used by groups to obtain elastic and viscoelastic properties of soft tissues ͓2-8͔, cells ͓9-13͔, gel constructs ͓14-16͔, etc. Other relevant properties such as roughness and adhesion were also characterized using AFM indentation data ͓17-19͔. Radmacher et al. ͓10͔ were among the first to use the AFM for measuring viscoelasticity. The change in amplitude, as well as phase of the input force modulation signal, was monitored to obtain a qualitative viscoelastic map of the sample. This method has been extensively used in literature with great success for qualitative viscoelastic properties.
The AFM is capable of performing relaxation tests by programming the displacement profiles. In these tests, the cantilever approaches the sample surface at a prescribed speed, indents the material to a specified depth, and is held at that penetration depth for a specified time. Recent articles ͓2,20,21͔ in literature suggested the applicability of this technique to perform relaxation measurements and to extract viscoelastic properties. The elastic part of the problem is usually explained by Hertz's contact model. The model has been abundantly used by numerous research groups to extract the Young's modulus of soft samples from the indentation data. For the relaxation, simple phenomenological spring-dashpot models were used by Darling et al. ͓2͔ to explain the indentation data on articular chondrocytes. For biological materials, the strain rate has negligible effect on the hysteresis over a few decades of rate variation. But for discrete time constants ͑e.g., finite spring-dashpot models͒, the hysteresis is maximum at rates corresponding to the relaxation constants. The use of continuous spectrum is usually advocated for biological materials ͓22͔. No indentation viscoelastic model using such continuous spectrum exists in literature for AFM relaxation tests. Furthermore, the use of discrete time constants forces the relaxation tests to be performed until the largest of time constants.
In this paper, a novel way of using Hertz's contact model with quasilinear viscoelastic ͑QLV͒ theory is presented. A continuous relaxation spectrum with constant amplitude ͑originally proposed by Neubert ͓23͔͒ was used instead of discrete time constants. This QLV model was extensively developed and used for uniaxial compression tests on various biological samples ͓24-31͔. Indentation test data were hardly seen in the light of the QLV models. As more research groups are using the AFM to perform relaxation tests, there is a modeling deficiency to analyze the data and extract accurate material parameters from the data. The method proposed in this study presents a novel way to analyze AFM relaxation data for any viscoelastic material irrespective of ramp speeds and hold time.
The principal objective of this study was to develop an analytical model using the QLV theory to explain the AFM relaxation data and to develop methodologies to extract viscoelastic material properties from the data. An approach using least squares curve fit to the convolution integral is presented here. Since the indentation depth during the AFM relaxation test cannot be controlled, two different approximate models for indentation depth are proposed, developed, and compared. In the first model, the "hold" portion of the indentation depth is assumed to be constant and the average value is used. In the second model, we present an approximate exponential fit to the hold region, whereas the third model neglects the relaxations during the "ramp" phase of the indentations. To validate the models, AFM indentation tests were performed on two phantom materials: 1% agarose gel and a viscoelastic elastomer; the data were analyzed using the proposed methods. Since the fits were non-Gaussian, we performed a bootstrapping analysis used by Yin et al. ͓32͔ to estimate the variance of the extracted constants to systematic deviations among the model and data, the experimental artifacts and random noise, etc.
QLV Theory
The QLV theory due to Fung ͓22͔ assumes that the history of the response or the relaxation function ͑K͑ , t͒͒ to be of the form
where G͑t͒ is the normalized function of time ͑G͑0 + ͒ =1͒ called the reduced relaxation function and T ͑e͒ ͑͒ is the instantaneous elastic response, which is a function of stretch ͑͒ only. The reduced relaxation function expresses the free relaxation behavior of the material.
The QLV theory was developed for analyzing uniaxial compression test data for biological samples. In this study, an extension of this theory for AFM indentation data is presented. For indentation test data, the convolution integral in the forcedisplacement domain is given by
where ␦ is the penetration depth and T ͑e͒ ͑␦͒ is the instantaneous response. Under experimental conditions the aging of the material is neglected, hence the history starts at t = 0. Also, since adhesion effects have been neglected, we have ␦ = P = 0 when t = 0. The instantaneous indentation problem for elastic materials was solved by Hertz ͓33͔. The Hertzian solution for a rigid spherical indenter on an incompressible linearly elastic half-space ͑Fig. 1͒ is given by
where R is the indenter radius and E is Young's modulus. The generalized reduced relaxation function can be written as
where is a continuous variable and S͑͒ is a function of . S͑͒ describes the amplitude of the viscous effects as a continuous function of time. It provides a continuous spectrum of relaxation times. As discussed earlier, one of the major disadvantages of using the spring-dashpot models is that the hysteresis depends on the discrete time constants. But for most biomaterials, it has been observed that hysteresis is independent over a range of frequencies ͑cyclic loading͒. So the use of a continuous spectrum is necessary for such materials. Another disadvantage of models having discrete time constants is that the extracted parameters would be erroneous if the duration of the hold period of the experiment is not enough to capture all of the time constants. Also, the process of separating the empirical data to the sum of exponential is extremely challenging because the converged solutions can be nonunique. Using a continuous spectrum for the amplitude produces constant hysteresis over a range ͓22,26͔ and is appropriate for this study. A specific relaxation function, which is extensively used for the biomaterials, was given by Neubert ͓23͔ and used by Fung ͓22͔ in his derivations for uniaxial compression,
where C is a material parameter to be determined along with modulus. Using this information, the reduced relaxation function can be expressed as
where E 1 is the exponential integral ͑E 1 ͑t͒ = ͐ t ϱ e − / d͒. So in this model there are four material parameters C , 1 , 2 ͑Eq. ͑6͒͒ and Young's modulus E ͑Eq. ͑3͒͒.
For a relaxation experiment, the indentation depth is normally given by
where k is the ramp slope and t 1 is the end of ramp time. In an AFM indentation experiment ͑Fig. 1͒, the indentation depth is the difference between the z-piezomotion and the cantilever deflection
In the AFM experiment the z displacement is maintained at a constant value in the relaxation section. But since the deflection decreases due to material relaxation, there is a gradual increase in the indentation depth. Although the deviation of ␦ over the hold region could be neglected ͑Fig. 2͒ for agarose, this would be a potential source of error for a material with larger relaxation, such as the polymer, as can be seen in Fig. 2 . So to derive a more accurate approximation of the indentation depth, the hold part of the depth ͑␦͒ is curve fit to an exponential function with respect to time, so that
Both the linear averaging ͑LA͒ from Eq. ͑7͒ and the exponential approximation ͑EA͒ from Eq. ͑8͒ have been developed and used to extract the material properties for a comparison. agarose while "b… presents the data for the polymer. Although the experiments were performed for longer times for agarose to reduce the number of data points and clarity, only until t = 3 s is shown.
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The force convolution integral ͑Eq. ͑2͒͒ can be separated into two segments in time. For both the LA and EA models, the force during the ramp period can be expressed as
During the hold period, the LA model is expressed as
and the EA model as
where
The time t 2 is the next time step after t 1 in the discrete AFM data. The model has four material parameters ͑E, C, 1 , and 2 ͒. For extracting the parameters from the experimental data, the least squares error between the AFM indentation data and the models described above is minimized,
For such nonlinear optimization problems, the LevenbergMarquardt algorithm ͓35͔ is often used. The implementation of the algorithm in MATLAB ͓36͔ was used for this study. A bootstrapping analysis was performed to derive the standard errors and the confidence intervals of the extracted parameters. The details of the bootstrapping analysis are described elsewhere ͓32͔. For each set of the AFM data, 100 new bootstrap data sets were generated and regression analysis was performed on them to obtain the variability.
An instantaneous ramp ͑IR͒ approximation ͓37͔ was also modeled using similar techniques for comparison with the above methods. In this case the ramping is assumed to be instantaneous, thus making the instantaneous elastic response and the relaxation separable. In this model the relaxation during the ramp portion is neglected. So the parameter estimation problem can be divided into two simpler ones. The elastic Hertz model ͑Eq. ͑3͒͒ for only the ramp portion ͑t = ͗0,t 1 ͒͘ of the data and the normalized relaxation function G͑t͒ ͑Eq. ͑6͒͒ for the hold portion. Since the relaxation during the ramp period is neglected in this approximation, it is expected that this model would predict more erroneous results for larger ramp times.
Materials and Methods

Agarose Gel Preparation.
One of our sample materials was an agarose hydrogel. The agarose gel for this study was prepared using UltraPure ™ agarose obtained from Invitrogen Tech.
͑San Diego, CA͒. A 1%͑%w / v͒ gel was prepared by boiling 1 g of agarose in 100 ml of deionized ͑DI͒ water ͑Fisher Scientific, Fair Lawn, NJ͒ until the agarose dissolves. Thick samples were prepared by casting the hot solution in flat dishes. The thickness of each sample was on the order of 5 mm. The gel was allowed to cure at room temperature and was stored in DI water after. Before the indentation experiment, the cured gel was cut into approximately 10ϫ 10 mm 2 squares and glued on stainless steel disks. In this study, only thick gels are considered in order to eradicate any error due to thickness and substrate.
Polymer Preparation.
The polymer, PL-6 was obtained in parts from Vishay Micro-Measurements ͑Raleigh, NC͒. This polymer is primarily used as a coating for elastomeric materials to broaden the capability of photostress testing. The urethane based resin is mixed with the hardener in a 7:10 ratio and cured at room temperature. This polymer was used as a second material system to validate the QLV model. The modulus of this polymer is around 20 kPa ͑as measured by indentation͒ and it is more viscoelastic ͑larger time constants than agarose gel͒, thus making it ideal for this study.
AFM Indentations.
For the indentation experiments a multimode AFM ͑Veeco Metrology, Santa Barbara, CA͒ with a PicoForce scanner and controller in addition to the basic Nanoscope IV Controller ͑Veeco Metrology, Santa Barbara, CA͒ was used. To reduce adhesion effects as well as to depress the evaporation of the gel, indentations were performed in a fluid ͑DI water͒ environment. For this study, spherical beaded tips of 2 m diameter were used. These probes were constructed by attaching spherical borosilicate beads at the end of tipless cantilevers of nominal stiffness k = 0.06 N / m ͑commercially available through Novascan Inc., Ames, IA͒. All the results presented in the article were obtained using the 2 m tip. The indentation depth cannot be accurately controlled in the AFM test so the maximum penetration depth was maintained between 300 nm and 500 nm for all of the experiments.
The spherical beads have a modulus of the order of 70 GPa, hence can be considered rigid compared with the agarose gel and the polymer samples. Before the indentation experiments, the actual stiffness of each cantilever was estimated using the thermal calibration method ͓38-42͔. This is performed by the "thermal tune" module, which is built into the nanoscope controller.
For the indentation ͑ramp and hold͒ tests the indenter was moved to a specific distance toward the sample and the z-scanner is held at that depth for a specified length of time and then retracted. Due to the relaxation of the material, the cantilever deflects during the hold time thus altering the indentation depth ͑Fig. 2͒. The relaxation time was controlled to be at least ten times the ramp time and a maximum of about 20 s. Since the continuous spectrum model is not dependent on the hold time, the results were considered to be more accurate than using discrete time constants.
Results
As discussed earlier, three different approximation models were developed: LA, EA, and IR. The algorithm for the models were implemented in MATLAB and the code was run on 2 GHz AMD Opteron processors with 1024 kbytes of cache and with 2 Gbytes of RAM. Figure 3 presents the force response of the AFM indentation experiments on 1% agarose gel and the polymer. The curve fits to the response using the models are also plotted for comparison. The fitting parameters for the three models on the same data sets are presented in Table 1 . To statistically compare the obtained parameters from the three different methods, a two sided Wilcoxon rank sum test at 5% significance level was performed on each of the parameters ͑E , C , 1 , 2 ͒. Significant difference was found between the three approaches ͑p Ͻ 0.05͒.
During the ramp phase of the data, the material behavior was linear ͑Hertzian͒ up to 200-300 nm of penetration depth after which a modest nonlinearity ͑hardening͒ was observed. Approximately 80-90% of relaxation occurs during the first second and at t = 3 s, it reaches up to 99% of the G ϱ . At t = 5 s the relaxation ratio ͑f 5 / f rampend ͒ was about 0.52Ϯ 0.27 ͑meanϮ SD͒.
The chosen polymer had larger time constants than the agarose but have similar modulus. It was found that after about 20-25 s of relaxation, there was only about 15% reduction in the force. Table  1 presents the values of extracted parameters. It is seen that this polymer has large value of the 2 , thus the broader spectrum for relaxations indicates larger viscoelastic dissipations for longer times. The modulus calculated was about 14.03Ϯ 2.77 kPa ͑meanϮ SD͒ using the EA method.
The convergence of the minimization code for the EA model took a longer time than the LA model. For a comparison, the minimization codes for either case were run on similar computers. Since MATLAB does not provide a method to compute the floating point operations ͑FLOPS͒, the codes are compared with respect to the computational time. For the LA method, each function evaluation took 22.6 s while the EA approach had to run for 155.5 s to calculate the error function. Converging to the final solution from identical initial guesses took similar number of iterations but took seven times greater run time. It should also be noted here that the times presented would also depend on the number of data points ͑n in Eq. ͑13͒͒. For the force response using EA there was an additional term ͑the second integral term in Eq. ͑11͒͒, which is absent for the LA case. Due to this, each function evaluation takes longer and hence the difference in the computing times.
The instantaneous ramp model is also compared with the EA and LA models ͑Table 1͒. It is observed that the errors between the parameters were as high as 25% for this approximation. The modulus was over predicted in this case when compared with the other two models. This is in contrast to what we normally expect. For the IR model the relaxation during the ramp portion is neglected. So we should obtain a lower value for the IR model. This discrepancy is observed due to material hardening. Previous studies ͓43͔ showed that the material hardens beyond 200 nm of indentation depth for AFM tests but our present models consider the material to be linearly elastic. And since only the ramp portion of the IR model is used to obtain the modulus, the effect is pronounced.
To examine the global convergence, the initial guesses for each of the constants in the minimization algorithm were varied over two orders of magnitudes. Nearly 85% of the test cases converged to within about 5% of the average solution. The solution with the minimum converged function value was chosen as the initial guess for the rest of the data sets. The goodness of the fit as measured by the coefficient of determination R 2 was greater than 0.98 for all of the fits. Since the residuals for the fits were nonGaussian distribution, it becomes imperative to calculate the variability between the model and the data due to experimental and numerical fluctuations. The bootstrap analysis was performed on each of the three methods. A set of 100 stochastically similar data sets was generated and curve fitting was performed on each of the data sets to obtain the variance. The confidence interval of each of the constant was found to be within 7% of the mean value suggesting very little variability with respect to systematic deviations. Time (secs) AFM LA EA Fig. 3 The force response of the AFM indentations along with curve fits. The indentation depths of each of these plots are given in Fig. 2 . Fits using both the approximations, linear average and exponential approximation, are plotted for comparison for both "a… 1% agarose and "b… polymer. For agarose, we only used the data until t = 3 s to reduce the data points since our model is not dependent on the hold time. Moreover, 99% of the relaxation occurs within 3 s. Table 1 The values of the curve-fit parameters extracted using three different techniques for 1% agarose and polymer. About 20 different locations on the sample "3 in total… were indented for the study. For the variability for each set of AFM data, bootstrap technique was used. The same indentation data sets were used for all the three methods. The parameters from the methods were found to be significantly different. 
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The values of the parameters are presented in Table 1 . The standard deviation of the modulus values were large, 5-10% for agarose and 10-20% for polymer. This is due to the inhomogeneity of the materials. For agarose as well as polymer, the modulus is dependent on the number of cross-linking fibers that are in contact with the indenter during the time of the indentation. Depending on this number the properties would change. Thus we observe a large range of modulus values. It was also observed that the IR method produced a relatively lower deviation for modulus, because it uses the single parameter Hertz model.
A two-tailed Wilcoxon rank sum test was performed to investigate if the difference between the two methods could be attributed to statistical variations. The null hypothesis states that the pair of data is independent and could be rejected at 5% significance level, suggesting that the parameter values from the different methods, although very close, are significantly different.
Discussion
An important observation from the plot ͑Fig. 3͒ is the deviation of the fitting curves from the original values in the later part of the ramp portion ͑inset in Fig. 3͒ . This observation is attributed to nonlinear elasticity. It has been observed in literature that larger AFM indentation depths manifest a nonlinear elastic behavior in agarose. Now, since the elastic Hertzian theory was used for contact part in the QLV model, some deviations from the experimental data are expected. The effect is amplified for the IR case as only the ramp portion of the data is used to find the modulus. To account for the hardening a finite element based polynomial correction to the Hertzian model was suggested ͓43͔. Because of the material nonlinearity, the modulus usually depends on the indentation depth. So the models in this study would also have indentation depth dependence. Using the modified Hertzian model would improve the present model and eliminate the depth dependence.
The effect of the indenter size for large stain indentation is not included. The finite element study ͓43͔ showed that the actual contact area deviates from the Hertzian approximation for ␦ / R Յ 0.1. Since the experiments were performed until ␦ / R ϳ 0.25, errors due to this geometric approximation should be expected in the model. This error would be amplified for larger indentation depths.
At the transition from ramp to hold, a sudden spike in the force response was observed. It was also observed to be larger for higher ramp speeds. This is due to the inertia effects that we observe a spike in actual ␦ ͑see Fig. 2͒ as well as in force response. But for the input function in the QLV model does not contain this small overshoot. So obviously, the QLV model is not able to capture the actual response in this zone.
For agarose, very little change in the indentation depth ͑Fig. 2͒ was observed during the hold portion. But on the other hand for the polymer we observe a large change in the indentation depth during the hold period ͑Fig. 2͒. The difference between EA and LA method is not negligible for the polymer. When this change is small, better approximation of the EA method produces only marginal improvement in the solution and hence the LA method could be used for faster convergence.
The AFM indentations were performed at three different approach velocities. The effect of the ramp speed on the relaxation modulus was found to be minimal. The inertial effects are more pronounced at higher speeds and hence the error was more. The ratio of the force at t = 10 s and the instantaneous force was compared for different ramp velocities ͑Fig. 4͒. No systematic deviation was observed due to the ramp speed of the AFM test. In a recent study, Rico et al. ͓44͔ found that Young's modulus increased with retract velocity for epithelial cells. The range of ramp velocity they used was much higher than used in this study. Furthermore, the models used by the authors were based on linear elastic material with no viscoelasticity. On the contrary, other studies ͓45͔ showed no dependence. Studies also demonstrated that the stress strain curve of tissues like ligaments are relatively insensitive to strain rates over 4 decades ͓27,46͔.
The thermal calibration technique presents an attractive method to calibrate the stiffness of soft cantilevers. Spring constants were obtained for both rectangular ͓40͔ and V-shaped ͓42͔ cantilever with considerable accuracy. Also, it was experimentally verified ͓47͔ that this method is not affected by the viscosity of the medium. The study of Matei et al. ͓48͔ also showed that the thermal calibration works well for spherical beaded tips. They showed that by adding a sphere of 10 m diameter sphere at the end of the cantilever changes the cantilever stiffness by 1%. The in-built thermal tune method presents a convenient way to perform the cantilever calibration real time before the force measurements.
The current approach accounts for the inability of the AFM to accurately perform the ramp and hold tests. These methods are the approximation models for analyzing the AFM relaxation data and not the exact solutions so errors were observed due to various experimental artifacts and other approximations in the model. But the fact that the extracted parameters were not dependent on ramp speeds and that the converged solutions was stable shows that the approach was robust. Thus, the EA or the LA method presents an effective technique to obtain the viscoelastic properties of biological systems using indentation. Although, the data presented in the study are based on AFM indentations, this theory ͑particularly the LA approach͒ would be easily modified for macroscale indentation test data.
The purpose of this study is not to develop a constitutive model for soft biomaterials for general loading condition but to develop a fairly detailed model to understand the viscoelasticity of soft materials using AFM indentations. AFM data are rich with information on various kinds of interactions between the sample and the tip. Adhesion, friction, viscoelasticity, and plasticity information could be obtained from the experiments. Depending on the nature of this study, the experiments were planned in a manner so that the interactions other than the property, which is sought ͑vis-coelastic͒, are negligible. The indentations were performed in fluid environment to reduce adhesion and friction. Also, the maximum penetration depth was always maintained in the elastic limit to avoid plasticity. For microscale biological systems such as cells/soft tissues, a compression test is not always possible. The indentation using AFM is an automatic choice for such systems. Using the models developed and presented in the paper, the material properties can be identified at a micronscale to nanoscale.
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